INTRODUCTION
Memory devices are the crucial elements of electronic systems and have been previously developed as drum memories, capacitor memory, magnetic core memory, matrix core memory, magnetic cards/tapes, and flash memory. 1, 2 As per the demand of the current electronic industry, non-volatile memory devices should possess characteristics such as being fast and scalable, a large retention time, and low power consumption together with low material and processing costs. 3 The limitations of scaling and slow speed in commonly used flash memory devices encouraged the development of fast and reliable memory devices, such as the magnetic RAM (MRAM), 4, 5 phase change RAM (PCRAM), 6, 7 ferroelectric RAM (FeRAM), 8, 9 and resistive RAM (RRAM), which are being explored as probable alternatives to the existing flash memories. 1 In recent years, the RRAMs have been extensively investigated to be used as an alternative to the existing non-volatile memories because of its fast response, high density, simple structure, lower power consumption, excellent compatibility with CMOS technology, and scalability. 10 The RRAM devices are composed of a facile metal-insulator-metal (MIM) architecture, where the data have been stored in multiple electrical resistance states, namely, low resistance states (LRSs) and high resistance states (HRSs). In unipolar RRAM devices, resistance states are independent of the applied bias polarity, whereas in the case of bipolar RRAM devices, states are bias polarity dependent. [10] [11] [12] Furthermore, the RRAM can be either analog or binary/digital in nature. A digital RRAM shows an abrupt ARTICLE scitation.org/journal/adv change from the LRS to HRS and vice versa for the reset and set states, respectively, whereas an analog RRAM will exhibit gradual change. 13 The generally accepted switching phenomenon in these devices is explained by various mechanisms such as the formation and rupture of filaments, 14, 15 charge trapping and detrapping, 16 and Schottky barrier height modulation. 17 Among these, the filamentary switching is the most adequate in metal oxide based RRAM devices. The formation of the filament between the top electrode (TE) and bottom electrode (BE) leads to the LRS, while filament rupturing leads to the HRS. The filament is formed by the migration of either metal ions or oxygen vacancies across the active layer, namely, the conducting bridge RAM (CBRAM) and the valence change memory (VCM), respectively. [18] [19] [20] Numerous binary and ternary oxides such as nickel oxide (NiO), 21 aluminum oxide (AlOx), 22 titanium dioxide (TiO 2 ), 23 hafnium oxide (HfO 2 ), 24 tin oxide (SnO 2 ), 25 zinc oxide (ZnO), 26 zirconium oxide (ZrO 2 ), 27 copper oxide (Cu 2 O), 28 molybdenum oxide (MoOx), 29 strontium titanate (SrTiO 3 ), 30 lead zirconium titanate (PZT), 31 and barium titanate (BTO) 32 and bismuth ferrites (BiFeO 3 ) 33,34 are explored for RRAM device applications. There are studies showing both unipolar and bipolar switching behaviors where different switching mechanisms are used to explain their RRAM characteristics. 10, 35, 36 However, there is no consensus on the type of switching and the respective switching mechanism as several explanations are provided to understand the observed RRAM characteristics. BiFeO 3 (BFO) is a multiferroic material with ferroelectricity and anti-ferromagnetism existing together at or above room temperature. 37 It exhibits a rhombohedral phase with the bandgap in the range of 2.3-2.6 eV. [38] [39] [40] The thin films of BFO are synthesized using various deposition techniques such as Pulsed Laser Deposition (PLD), sputtering, solution methods, and spin coating for RRAM applications. 10, 35, 36 Spin coating is a simple and cost-effective deposition technique allowing the easy fabrication of thin films. However, depositing BFO using spin coating is very challenging because of the appearance of secondary phases during processing or postprocessing steps. 41 Earlier, we have reported a spin coated BFO based RRAM with silver as the top electrode (TE) and FTO as the bottom electrode (BE) and demonstrated the robustness of RRAM devices over a period of time. 42 This type of switching mechanism depends on the difference between the top and bottom electrodes' work functions as the interface at the metal-insulator junction plays a crucial role in the switching phenomenon. [43] [44] [45] This motivated us to understand the switching characteristics and mechanism of the BFO RRAM with a different metal as the top electrode. Here, in this paper, we report solution processed Al/BFO/FTO based RRAM devices, where aluminum is acting as the TE and FTO as the BE. The devices showed forming free, bipolar, non-volatile, RRAM characteristics with excellent reliability and stability. 3 .9H 2 O, 98%, Alfa Asser] base precursors in 2-Methoxyethanol (2-ME). Here, 1.6 g of bismuth nitrate pentahydrate and 1.22 g of iron nitrate nonahydrate are dissolved into 10 ml of 2-ME solution. The solution is stirred for three hours at 80 ○ C, followed by its room temperature aging for 24 h. Furthermore, FTO substrates are ultra-sonicated in acetone, isopropyl alcohol (IPA), and deionized water (DI) each for 15 min, prior to deposition. The aged BFO solution is used for spin-coating on the FTO substrate at 3000 rpm for 30 s. After each deposition, the substrate is preheated at 350 ○ C for five minutes. The process is repeated 2 times to get the desired thickness of ∼70 nm. Finally, the deposited BFO film is heated at 450 ○ C for 3 h in the air.
EXPERIMENT
The structural and microstructural characterizations are carried out using X-Ray diffraction (XRD), Scanning Electron Microscope (SEM), and Atomic Force Microscopy (AFM) measurements. The bandgap of the BFO thin film is measured using UV-vis absorption spectroscopy measurements. The vibrational characterization is carried out using Raman spectroscopy measurements at room temperature. Aluminum top contacts are deposited by thermal evaporation through a shadow mask with a circular opening diameter of ∼500 μm for contact formation, with ∼500 μm separation between them. The thickness of deposited contacts is about 200 nm. Electrical characterization of fabricated RRAM devices is carried out using a Keithley 4200 semiconductor characterization system (SCS), and impedance measurements are performed using a Metrohm (Autolab) system.
RESULTS AND DISCUSSION

Structural and microstructural
The structural information of synthesized BFO thin films is studied using a Bruker powder X-ray diffractometer with the Cu Kα (1.54 Å) radiation source in the 20 ○ -65 ○ 2θ range, operated at a voltage and current of 40 kV and 40 mA, respectively. The step size is kept constant at 0.02 ○ /s. The XRD pattern of BFO/FTO is shown in Fig. 1(a) , showing enhanced texturing along (104) with respect to other planar orientations. The XRD peaks can be marked to the perovskite BFO (ICDD No. 71-2494) without any signature of the secondary phase, supporting the synthesis of phase pure rhombohedral polycrystalline BFO thin films. The diffraction peaks for FTO substrates are marked for identification. The surface morphology of BFO/FTO films is shown in the inset of Fig. 1(a) , where the SEM micrograph (top panel) is substantiating the uniform smooth surface without any granular variations. Furthermore, the surface 
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scitation.org/journal/adv topology and roughness of the film are analyzed using AFM measurements, Fig. 1(b) . The calculated average and root mean square (rms) roughness of the film are 9.5 nm ± 2 nm and 9.16 nm ± 1.5 nm, respectively, substantiating SEM results for the deposited BFO/FTO thin films. The observed smooth surface with a lower rms roughness of deposited BFO/FTO thin films is important to realize the RRAM devices on these films.
Optical characterization
The absorption spectrum of BFO is measured using UV-vis spectroscopy measurement, as shown in the inset of Fig. 2(a) . This is further used to calculate the bandgap using Tauc plot (αhν) 2 vs energy hν, where h is Plank's constant, α is the absorption coefficient, and ν is the frequency, and is shown in Fig. 2 (a) for BFO/FTO thin films. The bandgap is estimated using extrapolation as marked by a green straight line and is ∼2.6 eV, Fig. 2 (a), in agreement with the reported values. 38, 42 The vibrational analysis is carried out using room temperature Raman spectroscopy measurements. BFO crystalizes in a rhombohedral structure, consisting of two formula units in a single rhombohedral primitive unit cell. The factor group analysis at the gamma point (Γ) explains Γopt = 4A 1 + 5A 2 + 9E, where A 1 and E modes are longitudinal optical (LO) and transverse optical (TO) modes, respectively, and A 2 modes are Raman inactive. Thus, there are 18 phonon modes and only 13 modes are Raman active. 46 
Electrical characterization
For electrical characterization, the top electrode "TE" is subjected to applied voltage and the bottom electrode "BE" is kept at ground potential using a Keithley 4200 SCS. The applied bias is 
Device configuration is shown in the inset of Fig. 3(a) . To protect the device from the permanent breakdown, a compliance current (CC) of 20 mA is applied during the measurement. This device is forming free, which is desirable as it will require lower operating voltages, thus leading to low power consumption. The device showed bipolar resistance switching with the set voltage on the negative side and the reset voltage on the positive side. The measured resistive memory current-voltage (I-V) curve is shown in Fig. 3(a) , indicating the Ion/I off ratio around one order of magnitude (∼30) at −0.2 V. It is difficult to read the precise value of the set voltage; however, a substantial increase in current is visible around ∼ −1.3 V and the device starts switching from a low current to the high current state. This brings the device from the HRS to LRS and is called the set process. The set is not abrupt but changing gradually for the Al/BFO/FTO RRAM device. The set voltage Vset is kept at ∼−1.3 V. When a positive bias is applied, the current starts decreasing, and at ∼0.9 V, the resistance starts changing from the LRS to HRS with reset voltage Vreset ∼ 0.8 V. The reset process is also like the set process, exhibiting gradual changes. These polarity dependent set and reset processes substantiate bipolar resistive switching in Al/BFO/FTO RRAM devices. This gradual set and reset, which is taking place in the Al/BFO/FTO RRAM device, is also characterized as analog switching, thus showing the potential for neuromorphic memory applications. 13 The nonlinearity factor is defined as I(Vset)/I(0.5 Vset) and is ∼5 for these RRAM devices. 49, 50 
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The devices showed reproducibility up to 256 cycles with a slight variation in the set and reset voltages, as shown in Fig. 3(b) , showing multiple set/rest cycles. This result substantiates that the devices are stable and can work without any failure. The retention curve, Fig. 3(c) , shows how long LRS and HRS windows are maintained without any significant degradation, supporting the stability of Al/BFO/FTO RRAM devices. The stability window is calculated for 10 4 s at 0.2 V in LRSs and HRSs. We can see that the window is maintained in the entire time span without any degradation. This result substantiates the non-volatility of Al/BFO/FTO RRAM devices.
The reliability of the device is analyzed using Weibull's distribution curve. Weibull's probability is expressed as ln[−ln{1−f (V)}] = β ln(V), where f (V) is the set and reset voltage function and β is the shape parameter, 42 and is plotted in Fig. 3(d) . The average Vset and Vreset values are −1.31 V and 0.78 V, respectively. The smaller variations in Vset (0.23 V) and Vreset (0.14 V) substantiate that the devices are highly reliable. The calculated shape parameter β is ∼19 and 34 for Vset and Vreset, respectively. These higher values of β substantiate the uniform distribution of set and reset voltages. Furthermore, we plotted Weibull's distribution for the LRS and HRS at 0.2 V, Fig. 4(a) . The LRS demonstrates almost constant resistance for consecutive cycles; however, a variation in HRSs is observed in the range of 3.5-6 kΩ. This fluctuation in HRSs is may be due to multiple filaments, which are not formed or ruptured during set and reset states. The average estimated values of the LRS and HRS are ∼480 Ω and ∼4.7 kΩ, respectively. The AC endurance of the devices is measured for Fig. 4(b) .
AC pulses of 100 ms pulse width and is plotted in
The alternate set and reset voltages of −3 V and 1 V are applied to check the stability of devices, and it is noted that devices are able to switch on and off alternately with a smaller variation in ON and OFF currents.
The switching mechanism is investigated using the logarithmic current-voltage, i.e., log(I)-log (V), plots for LRSs and HRSs and is shown in Fig. 4(c) . The HRS curve can be divided into two regions. In the first region, the slope of the graph is nearly 1 (i.e., I α V), substantiating the ohmic conduction mechanism in the lower voltage region, and the higher voltage range follows the I α V 2.5 power law, substantiating the trap-assisted space charge limited current (SCLC) conduction in a higher voltage window.
Thus, Ohmic conduction is responsible for the LRS, which signifies the filament formation inside the device. The different conduction mechanisms for the HRS and LRS substantiate that switching is taking place because of filament formation. 42 A similar type of conduction mechanism is observed for the reset state, Fig. 4(d) . Initially the LRS is maintained, preserving the Ohmic conduction across the device. Furthermore, when the voltage is reduced, the filled defect states become empty and the device conducts due to low thermally generated current, reaching Ohmic behavior.
The filament formation can be due to the diffusion of metal ions or due to the presence of oxygen vacancies, and both are explained by the SCLC conduction mechanism. 42 Furthermore, interfaces in Al/BFO/FTO may play the important role in carrier transport. 49 We used aluminum as top and FTO as bottom contacts, and their work function values are about 4.28 eV and 4.4 eV, respectively. The FTO BE behaves as an oxygen vacancy reservoir, which supplies and stores oxygen vacancies during resistive switching. 51 Aluminum is an easily oxidizing material because of its lower Gibbs free energy of formation. 45 Hence, aluminum will react with oxygen present near the surface of BFO and, thus, assist in making a thin AlOx layer at the Al/BFO interface. This increases the number of oxygen vacancies near the electrode/material interface. 52 This formation of an AlOx thin layer leads to forming free RRAMs because of the enhanced oxygen vacancies. This interface contains a large number of oxygen ions, assimilated from the BFO thin film leading to a large slope. These observations infer that the bipolar switching mechanism can be attributed to the double reservoir model. 52 Furthermore, we carried out impedance spectroscopy measurements on Al/BFO/FTO in the reset state to understand the presence of the AlOx layer and its impact. The applied frequency range is 1-10 5 Hz without any DC bias voltage. The measured Cole-Cole plot, i.e., a graph between real and imaginary impedance components, is shown in Fig. 5(a) with the inset showing the equivalent circuit model, used for simulating the impedance data. The equivalent circuit consists of a parallel combination of resistance (R 2 ) and capacitance (C 2 ) in conjunction with two series resistances (R 0 and R 3 ). Here, R 2 and C 2 are representing a pure BFO film without any interfacial AlOx layer in the reset state and R 0 and R 3 are representing the contact resistances. The real and imaginary parts of the impedance for the reset state without the AlOx layer, reset state with the AlOx layer, and set state are computed for complex impedances of these circuits, insets of 
Here, Z is complex impedance Z = Z ′ + jZ ′′ , with Z ′ as the real and Z ′′ as the imaginary impedance components, and ω is the angular frequency.
We observed that the fitting is not proper, Fig. 5 (a) (solid blue line), substantiating that there is some additional contribution from another layer to the total impedance of the device. Furthermore, after introducing the interfacial layers in an equivalent circuit [the inset of Fig. 5(b) ], consisting of an additional circuit element with resistance R 1 and a constant phase element (CPE), the impedance data are matching very well with the simulated (red solid line) impedance data, Fig. 5(b) . The lower frequency region is attributed to the interface, and the higher frequency region is attributed to the BFO thin film. It is evident from the equivalent circuit that a parallel combination of resistance (R 1 = 1.2 kΩ) and constant phase element (CPE, n = 0.7) is essential in series along with a parallel combination of capacitance (C 2 = 728 pF) and resistance (R 2 = 800 Ω) for BFO thin films to fit the measured impedance data. The presence of this additional circuit element is attributed to the presence of a thin AlOx layer at the interface of an Al top contact and a BFO thin film. The resistance of the AlOx interface layer is higher than that of the BFO thin film, and the estimated resistivity value is ∼4.7 × 10 4 Ω-m for an ∼5 nm thick AlOx layer. The estimated value is relatively lower than the resistivity value of pure alumina. This is attributed to the defects present in the AlOx interface layer. Additionally, the resistivity of alumina decreases with increasing temperature and this may be another reason for the observed lower resistivity values as during the set process, the temperature inside the film will be relatively higher because of localized resistive losses. R 0 and R 3 resistances are contact resistances near the Al/AlOx and FTO/BFO interfaces, and a combined value of ∼1.7 kΩ is noted. The higher interface resistance near the FTO/BFO interface leads to the high set voltage requirement for oxygen ion exchange at the interface. CPE is a constant phase element, which is a complex element and is a combination of resistance and capacitance. The value of capacitance in the CPE is extracted as C = (Q * R 1−n ) 1/n , where Q is a CPE parameter; the CPE is a pure capacitor when n = 1 and a pure resistor when n = 0. The values of Q and n are independent of the frequency. We noted that n = 0.7 for the CPE, and its presence is attributed to heterogeneity or distributed elements present inside the AlOx layer. 53 The impedance curve for the set process is shown in Fig. 5(c) , exhibiting a slightly tilted straight line with most of the points accumulated at the bottom. The equivalent circuit for the set process is given in the inset of Fig. 5(c) . This confirms the filament formation inside the device. The equivalent circuit consists of a parallel combination of resistance (R 1 = 870 Ω) and capacitance (C 1 = 575 pF), attributed to the presence of an AlOx layer. The CPE in the AlOx layer, which was present during the reset state, is now replaced by a pure capacitor in the set state. This capacitor is present because of the formation of filaments from the FTO/BFO interface to AlOx/BFO interface, which is not across the entire AlOx surface. The resistance AlOx layer is lower in the set state with respect to the reset state because of the oxygen ion migration in AlOx during the set process. The series resistance (R 0 = 1.63 kΩ) is the combination of the filament resistance and contact resistances. The capacitance of BFO is replaced by a resistance because of the filament formation. The BFO resistance is ∼250 Ω in the set state which is smaller with respect to that in the reset state, confirming the filament formation. Thus, we find that the contact resistances are nearly the same, whereas the bulk BFO resistance has changed significantly due to filament based conduction in the reset state.
The schematic diagram of the switching mechanism is shown in Fig. 5(d) . The O 2− migrates from the AlOx/BFO interface toward BFO after applying negative bias at the aluminum electrode and fills some oxygen vacancies. In addition, since the number of vacancies is much larger near the AlOx/BFO interface, all the vacancies will not be filled and accumulation of oxygen vacancies will become a part of the electrode. 52, [54] [55] [56] In addition, the negative bias will push the oxygen ions toward FTO. When oxygen ions move into FTO, oxygen vacancies will be created near the BFO/FTO interface. These generated oxygen vacancies will align from FTO toward the BFO/AlOx interface and combine with the oxygen vacancies present near AlOx. This will facilitate the filament formation of oxy-ARTICLE scitation.org/journal/adv gen vacancies, resulting in a conducting path, and the device will switch from the HRS to LRS, bringing it to the set state. The migration of oxygen ions into FTO will require higher voltages, and that is why, a higher set voltage is observed in such devices. 52, 54 Furthermore, oxygen ions can be pushed into AlOx by applying positive voltage at the top electrode. This will generate the oxygen vacancies near the AlOx region but also push oxygen ions from FTO toward aluminum simultaneously. Few oxygen ions will fill the vacancies of the conducting path near FTO and hence will lead to the rupturing of the oxygen vacancy filament. This will bring the device to the reset state. The reset voltage is low because the oxygen ions near the FTO need a smaller amount of energy to fill the vacancies at the FTO/BFO interface. 52 A comparison of our work with other BFO based RRAM work is presented in Table I .
CONCLUSION
We report on solution processed Al/BFO/FTO based RRAM devices. These devices showed decent reproducibility and reliability for more than 250 cycles. The results substantiate one order for Ion/I off , and the set and reset voltages are ∼ −1.3 V and 0.8 V, respectively. The non-volatile nature of the device is confirmed by measuring retention for 10 4 s. The endurance robustness for 7100 cycles substantiates the stability of the devices. The SCLC and ohmic conduction mechanisms substantiate the formation and rupture of the filament in these RRAM devices. Furthermore, impedance analysis provided evidence of the presence of the AlOx layer at the Al/BFO interface, and the switching mechanism is attributed to oxygen filament formation assisted by this AlOx layer present at the metal-insulator interface.
